Early efforts to implicate functional groups of specific amino acids had suggested the possible importance of a reactive thiol and one or more histidyl residues (Zaidenzaig & Shaw, 1978; Fitton & Shaw. 1 Y 79) . Several independent lines of evidence (including the absence o f a detectable acylenzyme intermediate) focused attention on the likely role of a catalytic imidazolc. In the search for an affinity reagent t o address this question. an analogue of the product of the forward reaction (substrate for the reserve reaction) has proved t o be particularly useful (Kleanthous et ul.. 1985) . 3-Hromoacetyl chloramphcnicol rapidly and stoichiometrically alkylatcs the catalytic imidazole group of  yielding solely N-3 carboxymcthyl histidine after hydrolysis o f the modified protein. The absolute preference for the imidazolc ring tautomcr carrying a lone pair of electrons at the N-3 ( € 2 ) position argued, by analogy with other systems with similar catalytic and reactivity preferences. that a chargcd hydrogen bond between protonated N-1 ( b , ) of His-105 and a neighhouring anionic group, might be central to Ahhrcviation uscd: CAI.. chloramphenicol acctyltrans1er:ice VOl. I6 the chemical mechanism. Site-directed mutagenesis was used t o try to identify in the primary structure of CAT an acidic amino acid which might play such a role.
('otiiplicutiotis wisitigfrom site-directed t?iir~ugetze~i.s o/ ( ' A 7
By and large it has been the custom t o assume that carcfully chosen amino acid substitutions arc likely to be useful in studying both ligand binding and catalysis and their interactions. with the important caveat that the resultant mutant polypeptide be indistinguishable structurally from the wildtype protein (Shaw, 1987) . In practice. the situation seems t o be more complex than might have been imagined, even for certain 'simple' subtractive substitutions (e.g. Ala -Gly;
Asp-A h , or Scr-A h ) . In a perceptive review of thc early studies using site-directed mutagenesis. Knowles ( 1 Y87) spoke of 'tinkering with enzymes' and asked 'what are we learning?'. The results with CAT may be instructive in demonstrating that seemingly trivial changes in structure may have profound and unanticipated effects on properties such iis protein stability and the reactivity o f functional groups not directly involved in either substrate binding or catalysis.
Before the crystallographic rcsults, a search ot known CAT sequences revealed only two positions at which acidic residues were conserved, Asp-40 and Asp-I 99. Whereas the sitc-directed mutation D40N had no discernible effect on catalysis or substrate binding, the D 1 YYN substitution was accompanied by a I 500-fold decrease in k,,,, (Lewendon ct ul., 1988) . T h e facile explanation that His-19s and Asp-IY9 interacted directly proved t o be incorrect, since the substitution D 1 9YA provoked only a 13-fold decrease in K,;,, . T h e primary (C,) alcohol of chloramphenicol (CM) is shown hydrogen bonded to the N-3 of His-I 95 which probably serves a general base role in catalysis.
of CAT (Leslie et ul., 1988 et ul., 1988) . Neither of the two heat-labile mutant proteins (R18V and D19YA) have yielded crystals in spite of very considerable efforts to obtain them. All of the mutations which involve side-chains involved in the hydrogen bond network at the active site (see Fig. 1 ) are more sensitive than the wildtype CAT to a bis pyridyl disulphide reagent. Diffraction data have been collected for the mutants listed in Table 1 own backbone carbonyl oxygen, as shown in Fig. 11 . In short, the Asp-Asn substitution has been accompanied by very extensive and deleterious adjustments at the catalytic centre, probably because of the introduction of an amide which is unable to serve as an effective hydrogen bond acceptor when juxtaposed with the guanidinium side-chain of Arg-18. It may be useful to note that Sprang er a/. ( 1987) in their study of the catalytic triad of trypsin observed less extensive changes in mutation of Asp-102 to its amide, resulting in movement of His-57 away from Asn-102 at pH 6 (but not pH X), almost certainly due to the amide interaction with a fully protonated imidazole ring.
The catalyric ceritre arid N possible 'oxyriiori hole'
In the course of earlier efforts to define the mechanism of the CAT reaction, it was noted that an analogy might exist between the 'catalytic triad' of serine proteases and functional groups at the active site of CAT (Kleanthous et ul., 1985) . Although the crystallographic results have ruled out the original postulate of a charged hydrogen bond between N-1 of His-195 and a nearby carboxylate (e.g. that of , it may be seen from Fig. 1 that the primary hydroxyl of chloramphenicol remains formally analogous to that o f serine in the protease family, its oxygen attacking the carbonyl of acetyl-CoA after deprotonation by the basic N-3 (~2 )
of Fersht ( 1988) . the apparent difference in free energy changes for the reaction catalysed by the S14XA mutant and the wild-type protein has been calculated t o be of the order of -2.2 kcal mo1-I somewhat less than that observed for a charged hydrogen bond (3-6 kcal mol ~ I). The S148A protein is better behaved than those discussed above (see Table 1 ). and its structure is awaited with great interest, together with kinetic and structural data on other protein variants (S 148G and S 148C). which are also under study.
Siihstratc hiridirig: tirikeririg with the rrc:vl doiior mid cicwptor arid their hiridirig sites
One of many riddles or puzzles thrown up by the CAT system is that of the evolutionary relationship of its inter-subunit active site to counterparts of other enzymes. including those catalysing acyl transfers from CoA thioesters. Guest ( 1987) has drawn attention to homologies between regions of CAT (including those involved in catalysis) and stretches of the primary structure o f the E2p acetyltransferase (dihydrolipoamide/CoA) of the pyruvate dehydrogenase complex of Escherichiu coli. At the threc-dimensional level it is noteworthy that the CoA binding site of citratc synthase (Remington et ul., lY82) bears little obvious resemblance t o that of CAT (Fig. 2 ) in that the formcr involves electrostatic interactions between arginyl side-chains and three charged phosphate moieties of the coenzyme. In the CAT/CoA binary complex the ribose 3'-phosphate and the phosphodiester backbone of CoA are in contact with solvent. Nonetheless, both structures reveal CoA in the same conformation (glycosyl torsion angle anti and ribose pucker C-2 erido) with Table I . I'roper/ies o f C 'A Tmiituiirs Selected properties of CAT variants generated by site-directed mutagenesis. Thermostability was monitored at 70°C (Lewendon c'r (11.. 1988 ), sensitivity to inhibition by 4.4'-dithio-bis(pyridine) [4,4'( Pys),] as described (Zaidenzaig & Shaw. 1978) . and ability to form diffraction quality crystals under standard conditions (Leslie cr ( I / . , 1988) . In the absence of general principles arising from such comparisons, a n effort has been made to probe the C o A site o f CAT by site-directed mutagenesis and the synthesis of analogues of C o A -with the ancillary goal of creating a novel and simpler acyl donor (and its complementary binding site). Since the K, for acetyl (dephospho)-CoA is 9-fold greater than that for acetyl-CoA (04 p~) , it is clear that the 3'-phosphoribosyl moiety of CoA plays an important role in binding. even though the crystal structure of the binary complex reveals that the phosphate does not make contact with any atoms o f the protein. The adenylyl component of CoA is also critical for high-affinity binding, since the K,,, for acetyl pantotheine as the acyl donor is 50-fold higher than that for acetyl-CoA. In the light of such observations and a knowledge of the structure of the CAT/CoA complex at 0.24 nm resolution, it has been possible to begin to quantify the contributions of specific interactions of CAT and CoA t o binding and catalysis.
T h e schematic structure shown in Fig. 2 calls attention t o the direct and indirect means by which side-chain substitutions at residues 177 and 178 could affect C o A binding, involving not only an aromatic interaction between Tyr-178 and the adenine ring system, but also hydrogen bonds between the backbone of CAT with N-1 and N-10 of CoA. T h e first class of interaction has been tested by the mutations Y I78A and Y 1781. which substitute aliphatic side-chains for 
Moody
T h e phosphodiester portion o f CoA and the ribose 3'-phosphate are in contact with solvent. Most of the hydrogen bonded interactions o f CoA with CAT are via well-ordered water molecules, and there arc extensive contacts of the coenzyme with non-polar side-chains. T h e three residues at the bottom (marked with asterisks) are from the opposite subunit.
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an aromatic one. T h e calculated values ( -A A G ) for the energetic consequences of such substitutions which cause little or no change in k,,,, are 2.2 kcal m o l~ I for the loss of the phenolic moiety (Y 178A) and 1.1 kcal mol-' for the exchange of an isobutyl group for an aromatic one ( Y 1781). T h e facile explanation that such results are a measure of the relative differences in interaction energies of the pair-wise contacts may be an over-simplification, especially in the case of Y 1781 which represents more than a simple subtractive mutation. Nonetheless, the results begin to define the relative importance of short-range interactions which are important for substrate binding and d o not involve hydrogen bonds. T h e substitution K177A, on the other hand, has prompted further thought concerning the possible importance of longrange electrostatic interactions in CoA binding, involving the protonated &-amino group of Lys-177 and the 3'-phosphate of CoA which are separated by a distance of the order of I . 1 -1.3 nm (A. G. W. Leslie, personal communication) . T h e K177A enzyme is compromised only with respect t o coenzyme binding and the value for kJk, for wild-type CAT (hut not the mutant) is strikingly dependent upon ionic strength. Taken together, and in the light of the decreased affinity of acetyl (dephospho)-CoA, the calculated -AAG value ( 1.2 kcal mol I ) may thus be a reflection of thc loss of a long-range and solvent-dependent interaction between the side-chain of Lys-177 and the phosphoribosyl moiety of CoA (Day el a/., 1988). The structural and energetic aspects of the binding of the chloramphenicol are now being evaluated in a systematic study of the effect of changes in the structure of the acetyl acceptor on the one hand, and the largely aromatic amino acid residues which constitute its binding pocket at the interface between the subunits of CAT (Leslie et ul., 1988) . Earlier studies (reviewed in Shaw, IY83) emphasized the importance of an acyl substituent at the 2-amino position of chloramphenicol for optimal binding of the substrate. More recent studies (A. Lewendon & I. A. Murray, unpublished work) have revealed that at high pH the deprotonation of the 2-amino group of the 'free base' of chloramphenicol (a lowaffinity substrate lacking the N-dichloroacetyl substituent of the parent compound) leads to a striking fall in apparent K,, suggesting, as had been inferred from crystallographic data, that the contacts between the N-acyl substituent and the enzyme surface d o not contribute significantly to the binding energy. Efforts to 'improve' upon the precision of such contacts by directed mutations and/or changes in the volume and properties of the N-acyl substituent should be instructive in this respect.
C'orzchidirig remarks
An ultimate objective in the use of the CAT system to study the phenomena involved in molecular recognition and catalysis may be the 'co-design' of an alternative and simpler acyl donor to acetyl-CoA, by taking advantage of the opportunities afforded by the interactions noted in Fig. 2 . A s already noted, acetyl pantotheine is a low-affinity acyl donor, but it remains to be seen whether pantotheine analogues with appropriate substitutions (and CAT mutants with reciprocal changes in amino acid side-chains) will yield a 'fit' which favours high binding affinity without concurrent and detrimental effects on catalysis. With two hydroxyl groups, only one of which (at C-3) is acetylated by acetyl-CoA and CAT, chloramphenicol poses a challenge to the organic chemist who would wish to acetylate one and not the other by nonenzymic means. A n engineered CAT plus a truncated and substituted acyl donor may be seen to be some way down the path to a simpler route than that of the parental coenzyme and the wild-type protein. Still enzymology, rather than organic synthesis, but a small step towards the development of novel catalytic reagents for chemical transformations.
Type 1 restriction and modification enzymes have so far only been found in the Enterobacteriaceae; they are among the most complex of the enzymes that act on DNA. The restriction enzymes contain three different subunits and catalyse at least four distinct enzymic reactions: endonuclease, DNA methyl transferase, ATPase and topoisomerase. The modification methylases contain two of the subunits found in the restriction enzymes and only one enzymic activity has been attributed to these enzymes, they are DNA methyltransferases (reviewed in Yuan, 198 1 ; Bickle. 1982). The structural genes for the three subunits of the enzymes are hsdR, hsdM and hsdS (Glover & Colson, lY6Y; Hubacek & Glover, 1970) ; hsdild and h.sd.S form a single transcriptional unit while hsdK is transcribed from its own promoter (Sain & Murray, 1980) . The type I restriction systems fall into at least three different families. Members of the same family have a good deal of homology between their hsd genes, and mutations in one member of a family can be complemented by healthy alleles from another member. The same is not true between families (Murray et al., 1082). There is one striking exception to the generalization made above that members o f the same family have homologous structural genes. This concerns the hsdS gene. which encodes the subunit of the enzymes that recognizes the DNA sequence specific for each system. For one family of enzymes, these genes are largely non-homologous; they contain two highly conserved regions only, one towards the centre of the genes and the other at the C-terminus (Gough & Murray, 1983) .
All of the type I restriction and modification enzymes so far examined recognize DNA sequences with a common structure. The recognition sequences have two completely specified sequence domains. one 3 bp and the other 4 or 5 bp long, separated by a spacer of non-specific DNA 6, 7 or 8 bp long, depending o n the particular system. A surprising finding from N. E. Murray's group in Edinburgh was that each specific domain of the recognition sequence is recognized by amino acids coded by the blocks of non-homology within the hsdS genes: the N-terminal non-homologous region is responsible for interacting with the trinucleotide part of the recognition sequence while the C terminal nonhomology codes a protein domain that binds the tetra-or penta-nucleotide part of the sequence (Fuller-Pace & Murray, 1986) .
Thus, two DNA-sequence-recognizing domains are separated by a conserved spacer sequence. In 1076, Bullas et al. isolated a new type I restriction specificity following a phage P1 transduction experiment between two Salmonella strains expressing diffcrent type I restriction specificities. It was later shown that the new system arose by genetic recornbination between the two parental systems, and that the cross-over took place within the central conserved region of the hsc1.S genes (Fuller-Pace et ul., 1984) . The DNA sequences recognized by the two parental systems and the recombinant were determined and it was found that the rccombinant recognizes a sequence which is a hybrid of the two parents: it has a trinucleotide domain from one parent and a pentanucleotide domain from the other (Nagaraja et ul., 1985 u, h) . Later, the reciprocal recombinant was recovered and shown t o recognize the sequence that one would predict from the above (Gann et al., 1987) . These results are summarized in Fig. 1 . The important point here is that recombination within the central conserved regions of iudS genes has the potential of reassorting sequence-recognizing domains and thus creating new restriction specificities.
In collaboration with S. W. Glover and K. Firman at the University of Newcastle upon Tyne. we have been investigating another set of type 1 restriction and modification systems that change restriction specificities. The systems are called 
